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top at Fermilab
 today...

* 14 years ago... DS

...we observed a few
handfuls of top quarks.

« Recently... . e /
Observed EWK production -
process: single top quark ° -

D@ Experiment Event Display j//
Single Top Quark Candidate Event, 2.3 fb™' Analysis 20
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...we are performing
detailed studies of
1000s of top decays
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outline

 strong production * mass

— Cross section e couplings
— branching fraction

* new physics? == s ._
_ FCNC decays = & ¢ electroweak

production
— [Vl

— {t resonances
— tb resonances
— H*




why is the top quark important?

* most massive elementary particle =7

— dominant contributor to radiative ool
corrections '
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— how is its mass generated?
 topcolor?

— does it couple to new physics?
* massive G, heavy Z', H*, ...
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top-antitop production = <
 strong interaction e ® f>
- top-antitop pairs (c=7.6£0.6 pbp) —

- final state signatures for top-antitop pairs , ¢ O, t
e t>Wb with B=100% < ) <
g & t

—>tagging b-jets important
— W-qq with B =67 %; W->tv with B = 11%
— t2evv/uvv with B=17 %

all jets
t—had+jets 4670
10%
leptontje dileptons

t—had+e/u 6%
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Tevatron phases

« Runla (20 pb' - handful of events)
— e-mu is the golden channel to find top
— if top is really massive will we be able to see it?
« Run Ib (160 pb-' <100 events)
— top quark is really massive
— need to use the hadronic signatures
— |+jets is the golden channel
— measure cross section and mass
« Run lla (1 fb' 100s of events)
— advanced analysis methods
— more properties measured
— precision measurements
— combination of all measurements of an observable
« Run llb (8? fb-' 1000s events)
— beginning to get systematically limited
— consistency of measurements of different observables
— look at the whole picture
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L essons learned

* Be prepared to abandon your premise

—To find the top quark it was necessary to
re-optimize the search for much higher
mass using different channels and features
in the event than initially imagined.

— To optimize sensitivity and resolution it was
necessary to invent new analysis
techniques.

* b-tagging
 Mass measurement in dilepton channel
« Matrix element/event-by-event likelihood techniques

* |n situ calibration of jets with W->qq
* Neural networks, decision trees, etc.
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L essons learned

* Develop a simulation that mimics detector
performance

— Crucial to extrapolate from e.g. background
to signal regions

— Study systematic effects

—Realize what you cannot simulate well (jet
multiplicity, fake rates)

—Often limited by rate at which events could
be simulated
* need for fast MC simulation tuned to data

» Control samples to verify distributions,
estimate backgrounds, efficiencies for
triggers, lepton-id etc.
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Selected Results from Dzero
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why measure the ttbar cross section?

* cross section analysis

— basic understanding of signal and background
necessary for further study

— consistency between channels
— decay branching fractions

— are there non-standard decays”?
B(t>H*b) = 0.6

dileptons lepton+jets
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ttbar cross section in |+jets channel

 extract top fraction using event topology
— angles, momentum sums, and event shape variables

— dominated by statistical uncertainties
« count number of events with at least one b-tagged jet

— smaller statistical uncertainty
— large systematic uncertainty from jet energy calibration and b-tagging

DO (0.9 fb1) DO (0.9 fb)
0=6.6+0.8(stat)+0.4(syst)+0.4(lum) pb  0=8.1+0.5(stat)+0.7(syst)+0.5(lum) pb

DO Run 11 0.9 fb™ DO Run 11 0.9 fb™
»n 80 = —e— data (>4 jets) [ 800 . —e— data (1 b-tag)
c - c s -
) tt signal [0 tt signal
m I bkg with leptons i 600 I bkg with leptons
‘o I bkg w/o leptons ‘o I bkg w/o leptons
) BN @
e I YRS e
5 WRCALTE ol g
Z At Ny Z .

0.5 1 3 >4
Likelihood Discriminant Jet Multiplicity
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ttbar cross section in T channels BES

 interesting because of « neural networks distinguish T decays
t—=H*b, H*—1v from background

« 3 types of hadronic T decays

HAD 50,22 Run Il Preliminary L=1fb"
v "2 - ® DATA
) T i o 18 = :\Illvultljet
EM JT_\ -7 n > E 3 Z > prw orete’
/ - - : //“ ‘.5 16: I camms = \ZNW’,TW_Z
- // ' © 14 B 1 — lepton + jets
P " ] C = tt - dilepton non-k
- o g 1 : tt> 4+t
=2 C
e VA 10F
1 track [ track >3 track -
ra
no em cluster em cluster ISO/ CKS
0 0
12% _ 38%
* require

20 40 60 80 100 120 140 160

— 17, 1elu, 22 jets, missing p; Tau E, (GeV), > 1 tags, > 2 jets
— 1 jetis b-tagged

oB(tt—It) = 0.19+0.08(stat)=0.07(syst)=0.01(lum) pb (1 fb-")
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ttbar cross section summary

DO Run Il * = preliminary

May 2009

I+jets, dilepton, t+lepton (PRD)

oo oH  7.841035 705 04spb
I+jets (b-tagged & topological, PRL) H&-H 7.42 2053 20,46 +0.45 pb Source Ao (pb)
0.9 fo Statistical only +0.47 —0.46
I+jets (neural network b-tagged, PRL) o 8.20 *0 22 07705 pb Lepton identification +0.15 —-0.14
1.0 fo™ Tau identification +0.02 -0.02
dilepton (topological, PLB) - 6.98 *1 1240784064 Jet identification +0.11 -0.11
1.0fb™ S Jet corrections +0.19 —0.16
I+track (b-tagged)* 5.0 16 09 .03 pb Tau energy scale +0.02 —-0.02
1.0 fo! o Trigger modeling +0.11 -0.07
tautlepton (b-tagged)” 7327134120 1045 pb b jet identification +0.34 —-0.32
2.2 ! o Signal modeling +0.17 —0.15
tautjets (b-tagged I 54 4207 .55 pb Background estimation  +0.14 —0.14
0.4 fb™ o Multijet background +0.12 -0.12
alljets (b-tagged, PRD) 45 2914 03 pb Luminosity +0.56 —0.48
-1 =1 -
041 otat) (oyst) (umi) Other +0.15 —0.14
Total systematic uncertainty +0.78 -0.69
B M. Cacciarie HEP 0809, 127 (2008)
M = 175 GeV o
P " N. Kidonakis Vogt, PRD 78, 074005 (2008)
CTEQ6.6M
S. Moch and r, PRD 78, 034003 (2008)
L | Ll | | L | L L ] | ‘
0O 2 4 6 8 10 12
o (pp — tt + X) [pb]

Meenakshi Narain - LHC@BNL



non standard decay modes .

New particles in final state may alter of(tt):
BBSM(tf — Ch)

Ch _

Ot = 0Ot

" BSM(tf — Ch)

Check cross section ratios

£4jets

tt tt

Dilepton

T4£
tt

Ch=/{+jets, Dilepton, 7+lepton

— Many systematic uncertainties are canceled in the ratios

Within MSSM depending on tanf

H* — ¢s or v may dominate.

B(t — b H"

,_leptophobic
{ BH ~o9)- /)z L=1.0 fb'
0.-] —= Expected 95% CL limit S
. 1 —*— Observed 95% CL limit
0.6 B
0.4 } o
4 B— D
0.2
0780 100 130 140 16

M, [GeV]

B(t — b HY)

aq - _
- b
g f
- !
Tevatron *=preliminary
|
/ D0 o, / o ._._:r. 0.86:21
DOo, /o I 0.97+932
A L '—ﬂl—' 91 _g29
| 1.45+0-83
02 (-
SM
I
\ | \
05 1 1.5 2
tt Cross Sectioh Ratio
1— +
{ BlH == ~ \p@, L=1.0 ft'
0.8—_ —a— Expected 95% CL limit
] —e— Observed 95% CL limit
0.6-
..J tauonic
0.2 ,
0§ 100 120 140 160
M, [GeV]



implications of cross section D&
e compare with theory to obtain mass measurement

— Less sensitive to the non-perturbative QCD effects
— Construct likelihood with .

i) C
: 8 14 DO, L=11b"
measurements and define theory & &
likelihoods according to PDF and = ™.
scale uncertainties as inrefs 1-4. 7 SN
— Determine joint theory and expt'al .| R
. . h [ e Measuredci .........
likelihood, integrate over the cross f — g fin oo ™I
SeCtion & get 68% CL_ 2: — IMolch;?deUwIer,IPFII|D7&|3,0I340I03I(20(I)8)I o
150 160 170 180 190

Top Mass (GeV)

1. Nadolsky et. al., Phys. Rev. D 78 013004

(2008); W. Beenakker et. al. , Phys. Rev. D 40, I'heoretical computalt 1010 | 7724 (l(;('\y )

2 504 (1989')} ., JEHP 09, 127 (2008 NLO (1] 1655250
- vacelan etdl. ) - 127(2008). NLO+NLL [2] 167.5+3-8

3. Moch & Uwer, Phys. Rev. D 78 034003 . CE (-0-5.6
(2008). approximate NNLO [3] [ 169.1"2

4. Kidonakis & Vogt, Phys. Rev. D 78 074005  approximate NNLO [4] | 168.27 2"

(2008).



top mass measurement

« template fits

— mass estimator (eg best m,

from kinematic fitter)

— fit probability density functions
from simulated tt events and

background to data

Events

1of. E@background
[ +data
10

DO Runll Preliminary *

14 4 signal m=175 GeV

» event-by-event likelihood

— for each event determine
likelihood as a function of m,
(eg by integrating over LO
matrix element)

— extract mass from peak of
joint likelihood

Event 1

——

proton

q
q
antiproton

~—
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Top Mass [GeVic?]
Event 2

0.8 calibrated

‘190
(GeVic]

Event 3

DO Run lIb Preliminary, L=1.2 fb"

:_ lepton+jets

2D no prior I\
'R
||
r

|
||
[
| |
|

4




dilepton channel

DO (1 fb-")

matrix weighting and neutrino Source of uncertainty 'Eégf lfé\:\T]

Weighting teChniq ues b fragmentation 0.4 0.4

Compute weight curve as a function Lnderl.ymg event.s modeling 0.3 05

Extra jets modeling 0.1 0.3

of top mass for each event Event generator 0.6 0.5
template fit to mass distribution - DY variation SIS

_ Backeground template shape 0.4 0.3

Combined measurement: Jet energy scale 1.6 1.2

b/light response ratio 0.3 0.6

£ [ 4 signal m =175 GeV matrix weighting Sample dependent JES 0.4 0.1

:>j 123_ B background ‘ DO Runll Preliminary Jet resolution 0.1 0.2

o +data Muon/track resolution 0.1 0.2

- Electron resolution 0.1 0.2

s Jet identification 0.4 0.5

6 MC corrections 0.2 0.2

£ Background yield 0.0 0.1

E_ Signal shape modeling 0.8 0.8

2; MC calibration 0.1 0.1

foo 120 140 160 180 200 220 240 Total systematic uncertainty 2.1 2.0

m GeV

peak

174.7+4 4(stat)x2.0(syst) GeV
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dilepton channel
. DO (3.6 fb")

— compute event weight using LO
matrix element

— Use electron-muon events

— Clean sample, little background

- 2 / ndf 13.26/8

D@ Run IIb prel., L=2.5fb' |
. I i : i pO 0.09167+ 0.03843
£ | [m,=1753£31Gev] |” 818005955
[ | p2 175.3+0.07277

L 1
170 175 180
M, (GeV)

174.7+2.9(stat)x2.4(syst) GeV

Uncertainty ep Run Ib [GeV ]
JES up —1.5
JES down +1.8
b guark JES +1.4
Jet resolution up —0.7
jet resolution down +0.7
jssr shifting +0.1
muon smearing up —0.0
muon smearing down +0.3
b quark fragmentation +0.3
PDF uncertainty up —0.2
PDF uncertainty down +0.1
fit uncertainty +0.4
signal modeling +0.4
background fraction up —0.1
background fraction down +0.2
TOTAL +
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|ept0n+jets best precision
« matrix element analysis (3.6 fb1)

— integrate over LO matrix element to get likelihood for event as a
function of top quark mass

— in situ jet energy calibration using W—qq decay
— peak of joint likelihood = top quark mass

D@ Run lIb Preliminary, L=2.6 fb™ D@ Run lIb Preliminary, L=2.6 fb"
w : ] " -
i'E 1.2:— M= 174.8+1.3 GeV = 1,06 lepton+jets with prior
= . 1.05F
- - lepton+jets -
[ 2D with prior 1.041
0.8 P C
- calibrated 1,035
061 1020
- : 1.01-
0.4 B C
- 1 S AlnL=20
0.2_— 0.993_ AInL=4.5
| I 1 1 | | | | 1 | | | 1 |

0- C 11 L1 L1
0 155 160 165 170 175 180 185 190 %s 170 172 174 176 178 _ 180
Miop (GeV) Mtop (GeV)

eenakshi

DO: 173.710.%3tat)t1} a(r3a f LSI}C J@ei)L GeV



Lepton+jets systematics:

* DO

Source Uncertainty ©¢V)
Higher Order Effects +0.25
ISR/FSR +0.26
Hadronization and UE +0.58
Color Reconnection +0.50
PDF uncertainty +0.24
Residual JES uncertainty +0.21
Relative b/light response +0.81
Sample-dependent JES 4+0.56
Jet 1D efficiency +0.26
Jet energy resolution +0.32

Plus a few smaller sys <0.2

Total +1.44
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Combination (as of winter 09)

DO winter '09

my,, = 174.2 + 0.9(stat) + 1.5(syst) GeV

DQ *=preliminary

Winter 2009

Run I Dileptons o.11' K @
Run | Lepton+jets o.1 "
Run Il Dileptons *  upio3sn’ H—e—H
Run Il Lepton+jets * z61" HeH
DO combined (March 2009) HeH
World average (march 2009) K
Run Il s(l+jets,ILI+t) * - 117 —e—
1 M 1 M 1 1

168.4 £+ 12.3 + 3.6 GeV
+12.8 GeV

180.1+ 3.6 + 3.9 GeV
+5.3 GeV

174.7+ 2.9+ 2.4 GeV
+ 3.8 GeV

173.7+ 0.8+ 1.6 GeV
+1.8 GeV

174.2+ 0.9+ 1.5 GeV
+1.7 GeV

173.1+ 0.6 = 1.1 GeV
+1.3 GeV

169.1+ 5.6 GeV

150 160 170

dM/m<1%

http://tevewwg. fnal. gov/top/

180
Top Quark Mass (GeV)

190 200

March 2009
1 1

1 —LEP2 and Tevatron (prel.)

----- LEP1 and SLD
68% CL

S
(b
S804y |}z
=
-
8031
150 175 200
m, [GeV]

Run Il goal: dm = 1 GeV

http://lepewwg. web. cern. ch/LEPEWWG/plots/winter2009/



theory Issues

« what mass are we measuring?
— Pole mass? (direct msm't calibrate to MC).

— understanding required for consistency checks and
My, prediction

— EW precision fits use MS mass

* are we missing any important effects?
— Color reconnection

 for the LHC, the complementary approach from
measurements using cross section may have the

potential to eventually get to similar level of
systematic uncertainties?
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analysis trends

* multivariate analysis methods
— needed to get optimal sensitivity

— require good understanding of detector and
simulation
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observation of single top production

D@ Experiment Event Display
Single Top Quark Candidate Event, 2.3 fb™" Analysis

Run 223473 Evt 27278544 Sun Jul 23 19:21:41 2006

ET scale: 28 GeV

b Jet

b Jet

antiproton

Muon

Neutrino
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Cross section summary

_ Significance
D@ 2.3 fb March 2009 | Expected | Measured
Decision Trees 3.74 339 pb 430 4.6 0
Bayesian Nl\:ls —e— 4.70 *33% pb 410 520
Matrix Elem:ents 4.30 1350 pb 410 490
BLUE Comblination 4.16 £0.84 pb
.
BNN Combirhation 3.94 +0.88 pb 450 5.0 0

mmmm N. Kidonakis, PRD 74, 114012 (2006) my,, = 170 GeV

10

o (pp — th+X, tgb+X) [pb]




analysis flow chart

| Topological variables

.
Multivariate classifier
-g.ﬁp
(DT, BNN, ME)
ﬂ ‘ R - ; E
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event counts — final selection:

« expected signal

« backgrounds

 oObserved

Event Yields
in 2.3 fb~! of D@ Data

e, 2,3,4-jets, 1,2-tags combined

tb + tgb 223 = 30
W+jets 2,647 + 241
Z+jets, dibosons 340 = 61
tt pairs 1,142 + 168
Multijets 300 £ 52
Total prediction 4,652 + 352
Data 4,519
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modeling of backgrounds:
o WH+jets:

* modeled using ALPGEN
— PYTHIA for parton hadronization

— MLM parton-jet matching avoids double-counting final
states

* n(jets), Ap(jet1,jet2), An(jet1,jet2) corrected to
match data
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1. bkg normalization pre b-tagging
* dominant background: W+jets

% 10000 — DQ 23 fb-1 Data ¢ D@ Single Top 2.3 fb™' Signals and Backgrounds
(D L wbb IR (All channels combined, before b-tagging)
2 " pretagged '.. Wee =
2 - all channels Wi+ Wej ©
S Z+jets tqb I . _
q>, i Dibosons tt— Il S c B -
— 5000~ tt tf — I+jets [l
k] i Multijets Bl wob Il 1 259
;'., weec Il
wej Bl
Wjj
Z+jets
Dibosons
O0 50 100 150 Multijets [

W Boson Transverse Mass [GeV]

* Overall normalization for Wjets/mis-id determined
by using iterative template fits to data using three
sensitive variables: p.(l), M{(W) and missing E-

N MC + S N data

Wjets™ 7 w et multijet” " multijet
Meenakshi Narain - LHC@BNL
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2. bkg norm. post b-tagging

« W+HF (Wbb, Wcc, Wcj), top pair backgrounds are
dominant

;‘ i -1 Data ¢ D@ Single Top 2.3 fb™' Signals and Backgrounds
8 L DQ 2.3 fb th + tqb ] (All channels combined, after b-tagging) S . B
v 400+ Wbb R -
; | b-tagged Wcec B tb
T all channels Wijj+Wcj B ) tqZ |
« i Z+jets i . .
i . Dibosons tt— I+jets Il 1 21 IN 1Tag
B tt—u¢ M wob Il
S 200 - . wee IH
) tt > (+jets W -
= i Multijets B e :
j] [
z+jets 1 L} 1 5 In 2Tag
- Dibosons
0 Multijets [l
0 50 100 150

W Boson Transverse Mass [GeV]

W+heavy flavor correction factors

— normalized to theory (use MCFM @ NLO)
* 1.47 (Wbb,Wcc), 1.38 (Wcj)
— additional empirical correction derived from two-jet data and
simulation: includes zero-tag events
« 0.95 + 0.13 (Wbb, Wcc)
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Yield [Events/1] Yield [Events/5GeV]

Yield [Events/20GeV]

Yield [Events/10GeV]

p17+p20 e+u channel
1-2 b-tags
400 2-4 jets
200
100 150
pT(Ieplon) [GeV]
N p17+p20 e+u channel
3000 1-2 b-tags
r 2-4 jets
2000
1000 -
| — S
12 3 4 5 &
Jet multiplicity
i p17+p20 e+u channel
L * 1-2 b-tags
600~ 2-4 jets
200
% 200 400 600
H (lepton,E ,alljets) [GeV]
i p17+p20 e+u channel
i 1-2 b-tags
2-4 jet
400 s
200

200

300 4
M(W,jet1) [GeV]

Yield [Events/15GeV] Yield [Events/5GeV] Yield [Events/5GeV]

Yield [Events/0.2]

400

200

i p17+p20 e+u channel
i 1-2 b-tags

2-4 jets

100

100 150
E [GeV]
N p17+p20 e+u channel
400 + 1-2 b-tags
S ¢ 2-4 jets
300
200F

% 50 100 150
pT(jet1) [GeV]
500_ p17+p20 e+u channel
1-2 b-tags
400 2-4 jets
%" 100 200 300 400
M(@lljets) [GeV]
3 p17+p20 e+u channel
L 1-2 b-tags
+ 2-4 jets
200
100
-2

p17+p20 e+u channel
i 1-2 b-tags
2-4 jets

400~

200

Yield [Events/5GeV]

100 150
M, (W) [GeV]

p17+p20 e+u channel
1-2 b-tags
2-4 jets

Yield [Events/5GeV]

p17+p20 e+ channel
1-2 b-tags
2-4 jets

Yield [Events/0.16]

5
AR(et1,jet2)

p17+p20 e+u channel
1-2 b-tags
+ 2-4 jets

200

Yield [Events/0.08]

-ﬁ‘__—-_-—_p

4
(I b ed
R Nator °'°"'H€@ HSRTE o

100 150
p,(jet2) [GeV]

Data/MC
agreement (for
all channels
combined)

Dibosons
tt> U

tf — l+jets
Multijets



discriminating variable categories

OBJECT KINEMATICS
DG 2.3 fb™

%000_ all channels

3

2

!3500

% 50

100 150 200
Missing ET [GeV]

JET

RECONSTRUCTION

DG 2.3 fb™

E L all channels
>800-

600"
400"

200"

0.3
Jet2 n Width

0.4

EVENT KINEMATICS

DG 2.3 fb™

Yield [Events/20GeV]
Ly » o

[=} (=] o

T ° T T T o T T T ?

X
S
o T T

Q T T

100

all channels

200 300 400 500
H.(jets,l,v) [GeV]

TOP QUARK

RECONSTRUCTION

Y
=]
S
S

Yield [Events/20Ge

a
=)
o T

DG 2.3 fb™

all channels

200
M3 [GeV]

250

Yield

0" " 05 0 0.5
Cos(LightQuark Jet, Lepton)

DG 2.3 fb™

all channels

1
btaggedtop

ANGULAR

CORRELATIONS

[Events/0.4]
(2]
(=]
o

Yield
S
o
o

200"

DG 2.3 fb™

| all channels

¢

-2 0 2 4
Q(lepton) x n(light-quark jet)



boosted decision trees

* decision trees
— idea: recover events that fail a cut

— successively find cuts with best separation between
signal and background

— repeat recursively on each branch

— stop when no further improvement or when too few
events are left

— terminal node is called a “leaf”
— decision tree output = leaf purity
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boosted decision trees

Best Variables to Separate
Single Top from W+Jets

DG 2.3 fb~' Analysis

Best Variables to Separate
Single Top from Top Pairs

DG 2.3 fb-! Analysis

Object kinematics

Event kinematics

Jet reconstruction

Top quark reconstruction

Angular correlations

Er
pr{jet2)
p;e(jet1,tag-)
E(light1)
M(jet1,jet2)
MAW)
H(lepton, & jet1 jet2)
H(jet1 jet2)
H(lepton, #;)
Width,(jet2)
Width, (jet2)
M,,,(W.tag1)
AMtopmin
M,,,(Wtag1,S2)
cos(light1,lepton)y.qgedtop
Ad(lepton, &)
Q(lepton) x n(light1)

Object kinematics

Event kinematics

Jet reconstruction

Angular correlations

pT(notbest2)
pT(jet4)
pT(light2)
M(alljets—tagl)
Centrality(alljets)
M(alljets—best1)
H(alljets—tag1)
H,(lepton,£,,alljets)
M(alljets)
Width, (jet4)
Width,,(jet4)
Width(jet2)

COS(IEptonbtaggedtOp'
btaggedto pCMframe)

Q(lepton) x n(light1)
AR(jetl,jet2)




bayesian neural networks i

 Neural networks are nonlinear functions

« Bayesian neural networks improve on this technique

Hidden
Nodes

\

%
N
()

\

)

Output
K ?’;r” Node
S N\
ERKIK SN )

e

OV‘\“A <SS

defined by weights associated with each node

weights are determined by training on signal and
background samples

average over many networks weighted by the probability of
each network given the training samples

Less prone to over-training

Network structure is less important — can use larger
numbers of variables and hidden nodes

0 0.2 0.4 0.6 0.8 1 - TSR IRTTARRRTRRRTI ARETA ANARAARRRA RN AL :
Bayesian neural network output o 0.2 0.4 0.6 0.8 1
Bayesian neural network output
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bayesian neural networks
* list of variables

— example from one channel.
Rank Variable
1 M (jetl,jet2)
2 My (W)
3 M., (W tagl)
4 A M
5 Hy(lepton K jetl jet2)
6 Mo, (W tagl,S2)
7 BEr
8 Q(lepton)xn(lightl)
9 cos(leptonpiaggediop,btaggedtoponerame)
10 cos(tagl,lepton)piageediop
11 pr(jetl)
12 Width,,(jet2)
13 Ao (lepton 1)
14 Widthy(jet2)
15 pr(jet2)
16 Q(lepton)xn(bestl)
17 E(jet2)
18 pr(bestl)
19 Pt (et )
20 cos(light1,lepton)uiagsedtop
21 cos(lepton,Q(lepton) X z ) pesttop
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matrix elements

method pioneered by DG for top quark mass

measurement

use 4-vectors of reconstructed leptons and jets

use matrix elements of main signal and
background processes

compute a discriminant

PSigna/ ()?)

PSigna/(?) + PBackground()_(‘) .
UCIIIIT I—Si nal ao aliviiiialiccu Ulllclcl]tl

Cross sectuon.

Ds(x) = P(51X) =

— 1 — =
Psignai (X) = U—Sdas(x) os = [ dos(X)

2-jets and 3-jets channels only

Meenakshi Narain -

Matrix Elements used to Separate
Single Top Signal from Background

DG 2.3 fb
2 Jets 3 Jets
tb ud — tb tbg ud — tbg
tq uti - tci tag ulz - tcig
ab — tu db — tug
G
Wbb ud — Wbb Whbbg ud — Wbbg
Weg sg — Weg
Wgg ud — Wgg Wugg ug — Wugg
ww qq > WwW
wz qq > WZ
ggg 99 —> 999
tt qq — tt - (*vbivb
tt qq — tt — ¢*vbudb tt qq — tt — ¢*vbudb




f

nal discriminant for the 3 methods

E 500 ¢ Data -1
Q@ = M tb+tgb DQ 2.3 fb
> B wbb
w 400 M wce
. i B Wjj+Wej 150
S M Z+jets
11} L [ /]
300 [ | tt'——)>l+jets 100
Il Multijets
200
100
0
0 0.2 0.4 0.6 0.8 1
Boosted Decision Trees Output
- 300 ]
2 D@ 2.3fb Data ¢
> 7 th+tqb Il
% wbb I
> 200 Wcec IR
<
1T H, <175 GeV wjj+we Il
-4 Z+jets I
tt— ¢ Il
100 tt—{+jets Il
Multijets Il

0 02 04 06 0.8 1

Matrix Elements Output

Event Yield

Event Yield

500

400

300

200

100

0
0

S D@ 2.3 fb

I wbb

B Wce

M wWjj+We 150
B Z+jets
[ ]
Bl ti—>(+jets 100
Il Multijets

50

0.2 0.4 0.6 0.8 1

Bayesian Neural Networks Output

100 -

50

D@ 2.3 fb”

H,> 175 GeV

1.2 14 16 1.8 2
Matrix Elements Output

Signal
normalized to
measured x-sec




BNN

correlations between methods

 Even though all MVA analyses use the same data, they
are not 100% correlated

tb+tgb Xsection [pb]

-1
Dz 2.3 fb—1 10 : DQ 2.3 fb
10 a gL 57% correlation
ofF 74% correlation Z o 3

C - C
8 5 2 7F -

7 i_ - 0 DQ 2 § 6%- ol
60 - . : X 5° .

- 9F 60% correlation a I
5 C E 4 E_ [ ]

4 8 rosg .

- E = o2 ® Pseudo-dataset
30 4= - w with background
20" Pseudo-datasets | O | 0 2 '|\|ar|1dS|Yl flﬂ?ﬁl.
1k " with background 5 - 01 2 3 4 5 6 7 8 9 10

and SM signal B .
O_._E.l NI P PR e B ENN  tb+tgb Xsection [pb]

0123456789104
BDT tb+tgb Xsection [pb] 3

IIIIIIIIIIIIIII

2_— Pseudo-datasets
Ll 16 with background
= . and SM signal
O_ -I lHlJlIIlllllllllllllllllllllllllllll

0O 1 2 3 4 5 6 7 8 9 10

BDT tb+tgb Xsection [pb]
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Systematic uncertainties

Systematic Uncertainties

Ranked from Largest to Smallest Effect
on Single Top Cross Section

DG 2.3 fb’

Larger terms

b-ID tag-rate functions
(includes shape variations)

(2.1-7.0)% (1-tag)
(9.0-11.4)% (2-tags)

(1.1-13.1)% (signal)
(0.1-2.1)% (bkgd)

Jet energy scale
(includes shape variations)

Systematic Uncertainties

Ranked from Largest to Smallest Effect
on Single Top Cross Section

DG 2.3 fb"

Smaller terms
Monte Carlo statistics

Jet fragmentation

Branching fractions

W+jets heavy-flavor correction 13.7%
Integrated luminosity 6.1%
Jet energy resolution 4.0%
Initial- and final-state radiation (0.6-12.6)%
b-jet fragmentation 2.0%

tf pairs theory cross section 12.7%
Lepton identification 2.5%
Wbb/Wcc correction ratio 5%
Primary vertex selection 1.4%

Z+jets heavy-flavor correction

Jet reconstruction and identification
Instantaneous luminosity correction
Parton distribution functions (signal)
Z+jets theory cross sections

W+jets and multijets
normalization to data

Diboson theory cross sections
Alpgen W+jets shape corrections

Trigger

(0.5-16.0)%
(0.7-4.0)%
1.5%
13.7%
1.0%
1.0%
3.0%
5.8%

(1.8-3.9)% (W+jets)
(30-54)% (multijets)

5.8%
shape only

5%

3/24/2009
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w Combined results

o(pp —=th+ X,tgb+ X)=3.94+0.88 pb
(m=170GeV)

500
E ¢ Data -1
2 - B th+tqb D@ 2.3 fb A : .
> 0 | = ‘szbé" § 107 D@ Combination
2 i = ;V#et:” 190 ""“' 106 67.8M pseudo-datasets (background-only)
w 300} g’ o) 17 above measured cross section
Y] 100
+jets 1 5
L B Multijets (@) 10 _
S p-value =2.5x 107’
50 "
20 3 10° .
pr Observed significance
100 & 10° =5.03¢0
N [
L2 102
00 0.2 0.4 0.6 0.8 1 ™ 10
Combination Output s
° 1 1 1 I 1 1 1 1
— 05 DG 2.3 fbr s 0 1 2 3 4 5 6
Q F . .
2 04l < tb+tqgb Cross Section [pb]
3, E omeasured
g 0.3 =3.94 +0.83 pb
) i =7
o ozp gompected p —value =2.5x10
2 C = 3.50_y77pb
5 04f
I . g
le) . . —
g A N Measured Significance = 5.030

tb+tqgb Cross Section [plt{)[ ) -
eenakshi Narain - LHC@BNL



L essons learned

Lot of detailed work goes into making sure
the data and MC agree.

» Control samples to verify distributions,
estimate backgrounds, efficiencies for
triggers, lepton-id etc.

» Validation of the inputs to the MVAs and
output discriminants are well modeled.
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CKM matrix element Vitb

( d/\ ( d \ (Vud VUS Vub \ v W
S [=Vexu| S Vekm = Voa Vs Vb f tb
\b ) Kb ) Kvtd Vts vtb ) b

« Weak interaction eigenstates and mass eigenstates are not the
same: there is mixing between quarks, described by CKM matrix

« general form of Witb vertex:

g
Tl = =75 Vi (2" P+ 117 -

wot?

My

(Pt — o), [f2LPL+f2RPR}}

* assume
— sm top quark decay : [Vy|? + |Vil? << |Vy|?
— pure V-A: fR=0
— CP conservation : f,t.=f,R =0
* do not assume
— three quark families
— CKM matrix unitarity

— (unlike for measurements using tt decays
Meenakshi Narain - LHC@BN



measurement of |V, |

 Use the measurement of the single Additional
top cross section to make a direct Systematic Uncertainties
measurement of |V |: for the |V,;| Measurement
L|? D@ 2.3 fb-"
G(tb, tqb) * thfi ‘ For the tb+tgb theory cross section
. ) L2 Top quark mass 4.2%
— CaICUIate a pOSterlor In |thf1 | Parton distribution functions 3.0%
— I\/IeaS_ure the.Strength of the V-A Factorization scale 2.4%
COUp“ng, which can be > 1 Strong coupling a 0.5%
> z 0
D D@ 2.3 fb™ ® - D@ 2.3 fb™
& " & 4
(] I (] C
s | 1) = g F
% h |Vipf)' | =1.07 £ 0.12 % 3:— V| > 0.78
o _ o -
o flat prior >0 . .-
i ] at 95% CL
0.5 . 0 < flat prior < 1
: ds
i - 95% 68%
00 - 0_5I T 1 e ‘1_5| o I2 215 3 00 I 0i2 0.4 o 0!6 o 0f8 o 1
2
|V f1[2 : L — Vi |
L assuming f,-=1



top qguark coupling

if top plays a special role in ewk symmetry breaking its couplings to
W bosons may differ from predictions

« modifications to top quark interactions, in particular with weak
gauge bosons, could yield the first signs of new physics

« most general CP-conserving W-t-b vertex involves four couplings

L =g Waby* (1E P+ [Pt = 5 0B o™ (L P+ 1By
where, inthe SM =1, fy = ff=f*=0 +h.c.
* probing tWb vertex:
Anomalous couplings in W helicity In top pair decays
single top quark production and decay . A
t Tl g

QI

N \aY, 7 B

— Both measurements can be combined to fully specify the tbW vertex

Meenakshi Narain - LHC@BNL



W boson helicity from t>Wb
decays in top pair production

sm predicts V-A coupling at Wtb
=> helicity of W boson
fp=0.7, £=03, f,=0.0
(longitudinal, left-handed, right-handed)

a different Lorentz structure of the t — Wb
interaction would alter the fractions of W
bosons produced in each polarization state.

model-independent measurement based
on reconstruction of cos6* distribution -
angle between lepton and top in W rest
frame

distribution of cos 6* depends on the W
boson helicity fractions

Negative Longitudinal Positive
Helicity Helicity Helicity
f=0.30 f,=0.70 f,=0

¥
!

i |

1
i

of cosB* (angle between the momenta of
the down-type fermion and the top quark
in the W boson rest frame for each top
quark decay.)

Meenakshi Narain - LHC@BNL




top quark coupling

Use a maximum likelihood fit, for the
data to be consistent with the sum of

signal and background i
distribution

Entries/0.1

n the cosH*

The fit parameters are the W helicity

fractions f, and f,

* A model-independent measurement of

the helicity of W bosons

fo = 0.490 £ 0.106 (stat.) = 0.085 (syst.)
f+ = 0.110 = 0.059 (stat.) £ 0.052 (syst.)

if f, constrained to the standard model value

fir =0.019 + 0.031 (stat.) £ 0.047 (syst.)

This is the most precise such measurement

Meenakshi Narain - LHC@BNL

60"
40"

201 *

D@ Run Il preliminary

Lepton+jets channel —e— D@ data, 1.2 b (a)
—— Signal + background
Wob SM Signal + background

[ Background

T ll| |

‘_01.2_
i DO Run Il Preliminary
1
I P L=22-27b"
0.8~ i . o
: - 68% and
0.6
: 95%
o4 C.L:contours
0.2
0:_ _________________________________________________
03 002 04 06 08 T 12

-0.5 0 0.5 1

f-'-




anomalous couplings in single top production

» Left & Right handed Vector and Tensor couplinas

s-channel(“tb”)

q t
W+
8 w-nr L - 8 = vl sl :
L,Wb=$Wub}/“(jl[PL+j|RPR)t—\/§—A4W8qubO'“ (.f:IPL"'.f:RPR)t .
- q’ b

where, inthe SM fi' ~ 1. fo = fi* = f' =0

+h.C. t-channel(“tqb”)
« Two non —zero couplings at a time ) t
— Consider 3 scenarios o .
— Simultaneous limiton two 4.y £/ £ B nonzero
1 1

couplings Only flL, f2L non-zero
L -
Only fl , sz non-zero
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anomalous couplings vs SM

« presence of anomalous couplings changes
the production cross-section, and kinematics
and angular distributions

Left-handed coupling Right-handed coupling S o025
i It S A SM
top quark helicirty t = /N .. RV
(left-handed) o ‘t N E._OOZ — LT
ol E —RT
"tV
) " ,,,,%%A ‘b_".f[/}/lt\‘ !; 0015
= 0.01
o o _ ~ CompHEP v4.2
l>—'<111;111\ helicity vl[ helicity top moving direction N
(right-handed) (left-handed) 0.005
* Lepton against W direction * Lepton follows W direction
* Lepton follows b-quark direction *|_epton against b-quark direction e = J L
0 50 100 15 200 250
top moving direction Lepton Pr [GeV]

3/10/2009 Meenakshi Narain - Moriond EWK 49



multivariate analysis

Use Boosted Decision Trees to discriminate signal

from

For every analysis, train 2 signals against sum of

background

backgrounds

f L f R scenario: (tb+tgb)LV + (tb + tgb)RV

1

1

flL’ sz scenario : (tb + tgb)LV + (tb + tgb)LT + (tb + tqb)LV+LT | -+ Background
f L f R scenario : (tb + tgb)LV + (tb + tqb)RT
1 2 R |
fT I fLfR fL TR
1 2 1° 1 1’ 2
100" pg 0.9 ' o data 1o0. DPOOMT o data 160 pg 0.9 fb™ o data
_ ! f'1- ” _ : pntn f'1' =1 —_ 140:_ ‘ f|1- =1
g 80 (@) _+__+_ blig ) S 100 ®) blig ) S 120~ (C) + .
m o Ee T e
s 1 o S ° f > 80-
Lo 0 i f
= S S 40
20;_‘_ = 20; ++ 20;
% 0.10.20.30.4 0506070809 1 % 010203 0.4 0506070809 1 % 0.10.20.3 0.
Decision Tree Output Decision Tree Output Decision Tree Output
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Limit Setting

« Bayesian approach for limit setting

« Simultaneous limit setting for two signals by
calculating 2 dimensional posterior probability
density

Scenario Cross Section Coupling
(L1,L2) 44753 pb If,;‘I"j =1477¢
fa'|* < 0.5 at 95% C.L.
= 5+2.6 L2 _ 1 q+1.0
(L1, R1) 52735 pb |Jc?{|"2 Z i..85_alt‘395%‘ o
(L1, Ra) 15433 pb P = 14203
2% < 0.3 at 95% C.L.

First experimental limits on tensor
couplings!
(PRL 101, 221801 (2008))

L =1fbT

2

4

3
2.5

- 2

1.5

1
0.5
0

D@ 0.9 fb'

(d)

0051152253354

L
I

If5f

2
18
1.6
14
12

o~ 1 b

0.8
0.6
04
0.2

" D@ 0.9 fis'

(b)

@ max posterior
68% CL contour

[ 90% CL contour

I 95% CL contour

52253354

L2
I

\

N1:

If
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0.8
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Combination — tying it all together!

* W helicity measurement in top
pair decays

 Anomalous couplings
measurement in single top
« Bayesian analysis:

— output of W helicity analysis forms
iInput prior to single top anomalous
couplings

* Observed posterior from data:
single top and W helicity combined

Meenakshi Narain - LHC@BNL

L2
it

R;2
it

—

|fH2<0.3

@Measured Peak
68% CL

BoocL

BosecL

1.5-

0.5/

WosecL
_|F.R|2 <0.2

@Measured Peak
68% CL
BoocL




analysis trends

* Looking at the whole picture

— Tie together results in different channels and for
different observables to compare the whole
picture with predictions.

« Mass vs cross section

» Cross sections in different channels (t->Wb branching
fraction, missing decay modes, charged Higgs, etc)

« Wtb couplings (W helicity in ttbar decays and single top
production/decay)
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physics implications

* top quark is a known factor

— Agrees with standard model (at least to precision
probed at Tevatron — precision needed to
estimate top as a background)

— Can be simulated reliably with existing MC
generators to estimate backgrounds to new
physics

— Provides important calibration point

* b-tagging performance
- jet energy scale
» Tests of complex analysis chain of a know signal
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physics opportunities

» top as a probe for new physics
— New production modes
— Top as a decay product

* measurements that are statistically limited at
Tevatron

— Rare top decays
— Spin correlations
— Single top production
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conclusion

top physics has come a long way since 1995

top quark mass measured to 0.75%
 reaching uncertainties below 1 GeV

measurement of top properties and possible
non-standard physics in t-W-b couplings are
consistent with SM

searches for new physics are conitnuing
soon the torch will be passing to the LHC.

http://www—d0. fnal. gov/Run2Physics/top/
http://www—cdf. fnal. gov/physics/new/top/top. html
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tt resonances
» DO (3.6 fb")

— technicolor Z'—tt
Hill & Parke, PRD 49 (1994) 4454

> -1

S102E () 3.6 fb”" = Data

o F []Z (650 GeV)

a [ M

5 10 | W+jets

u>J s Other MC
M,>820 GeV .
for I',/M, =1.2% L

107 I
0

N 1 T |
200 400 600 800 1000 1200
M, [GeV]
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Xxsec syst
DO |+jets b-tag

kinematic likelihood

source

vertex

e id

M id

jetid

non-W bkg

jet response

MC model
b-tagging efficiency

total

uncertainty source selection fit total

0.15 pb vertex 0.13 pb 0.13 pb
0.11 pb e id 0.10 pb 0.10 pb
0.08 pb M id 0.06 pb 0.06 pb
0.12 pb jetid 0.10pb 0.02pb 0.12pb
0.06 pb non-W bkg 0.10 pb 0.10 pb
0.30 pb jetresponse 0.35pb 0.26 pb 0.11 pb
0.29 pb MC model 0.13pb 0.09pb 0.11 pb
0.48 pb template stats 0.15pb 0.15pb
0.69 pb total 0.36 pb
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searches for non-standard physics

quarks with charge 4/3e-> disfavored

FB ttbar asymmetry -> consistent with sm
4™ generation t’ quarks 2 m > 284 GeV
scalar top production ->no evidence
charged Higgs bosons - limits on H*

tb resonances —tb,t—=H"b

ttbar resonances

FCNC decays of top quarks
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